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NITRIC OXIDE I N  THE MESOSPHERE AND ITS VARIATIONS 
A .  P. Mitra* 
Labora tory  f o r  Space S c i e n c e s  
NASA Goddard Space F l i g h t  C e n t e r  
G r e e n b e l t ,  Mary l a n d  
The d i s t r i b u t i o n s ,  s e a s o n a l  v a r i a t i o n s  and t h e  r e s u l t i n g  
i o n o s p h e r i c  i m p l i c a t i o n s  of mesospher ic  n i t r i c  o x i d e  a re  dis- 
c u s s e d .  W e  f i r s t  c o n s i d e r  t h e  p r i n c i p a l  f e a t u r e s  of an  
a v e r a g e  d i s t r i b u t i o n  f o r  t h i s  c o n s t i t u e n t  t h a t  would b e  con- 
s i s t e n t  w i t h  photochemica l  c o n s i d e r a t i o n s  and w i t h  t h e  d i u r n a l  
and so l a r  cycle v a r i a t i o n s  i n  D region i o n i z a t i o n  and t h e  re- 
l a t i v e  abundances of t h e  molecula,r ions N O  + + and 02. 
W e  t h e n  c o n s i d e r  t h e  e x t e n t  to which  t h e  average p r o f i l e  
may va ry  s e a s o n a l l y  i n  midd le  l a t i t u d e s ,  Large  w i n t e r  enhance- 
ments  o c c u r  i n  NO c o n c e n t r a t i o n s  a t  a l l  D r e g i o n  h e i g h t s  above 
a b o u t  70 km due  t o  t h e  w i n t e r  warming a t  t hese  h e i g h t s .  The 
enhanced r e g i o n  is  l i m i t e d  roughly  between 70-90 km, t h e  lower 
l i m i t  b e i n g  c o n t r o l l e d  by t h e  r a p i d  l o s s  of n i t r i c  o x i d e  
t h r o u g h  ozone .  NO p r o d u c t i o n  th rough  t h e  i o n i c  r e a c t i o n  
O2 + N2 -, NO 
h e i g h t .  
+ + + NO does  n o t  appea r  t o  b e  s i g n i f i c a n t  a t  any 
I o n o s p h e r i c  i m p l i c a t i o n s  of t h e s e  NO d i s t r i b u t i o n s  are  
a l s o  d i s c u s s e d .  
*NRC-NASA R e s i d e n t  Research Associate, o n  l e a v e  from t h e  N a t i o n a l  
P h y s i c a l  L a b o r a t o r y ,  N e w  De lh i  1 2 ,  I n d i a .  
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INTRODUCTION 
An impor t an t  q u e s t i o n  c o n c e r n i n g  mesosphe r i c  i o n i z a t i o n  
and meteorology is  t h e  r o l e  p l ayed  by such  minor c o n s t i t u e n t s  
a s  n i t r i c  o x i d e ,  ozone and a tomic  oxygen,  t h e  metal l ic  s p e c i e s ,  
water vapour and i o n  c l u s t e r s ,  and ce r t a in  e x c i t e d  s ta tes  of 
t h e  p r i n c i p a l  c o n s t i t u e n t s .  The impor t ance  of t h e s e  i n  t h e  
i o n i z a t i o n  of t h e  mesosphere is now, i n  most cases,  c l ea r ly  
e s t a b l i s h e d .  
I n  t h i s  work w e  deal w i t h  t h e  d i s t r i b u t i o n s ,  v a r i a t i o n s  
and the r e s u l t i n g  i o n o s p h e r i c  i m p l i c a t i o n s  of o n l y  - o n e  of these 
minor c o n s t i t u e n t s ,  e g .  n i t r i c  o x i d e .  
In fo rma t ion  on t h e  d i s t r i b u t i o n  of n i t r i c  o x i d e  i n  t h e  
mesosphere and t h e  lower the rmosphere  has  been  o b t a i n e d  i n  
three w a y s :  f rom r o c k e t  measurements  of n i t r i c  o x i d e  a i r g l o w  
i n  a ser ies  of f l i g h t s  by B a r t h  ( 1 9 6 6 ) ,  from pho tochemica l  con- 
s i d e r a t i o n s  ( N i c o l e t ,  1965;  B a r t h ,  1961;  Wagner, 1 9 6 6 ) ,  from 
changes i n  t h e  D r e g i o n  e l e c t r o n  d e n s i t y  p r o f i l e s  w i t h  s o l a r  
a . c : t i v i t y  (Mitra, 1966) and w i t h  t h e  t i m e  of t h e  day  (Mitra, 1968)  
and from p r e - s u n r i s e  measurements  of E r e g i o n  e l e c t r o n  d e n s i t y  
(Smi th ,  1966) .  I n  a n  ea r l i e r  work ( M i t r a ,  1968)  i n  wh ich  estimates 
f r o m  t hese  d i f f e r e n t  s o u r c e s  have  been  r e v i e w e d ,  t h e  f o l l o w i n g  
empirical  d i s t r i b u t i o n  w a s  s u g g e s t e d :  
n ( N 0 )  = 4x10-1n(OZ)e-3700’T+5x10-7n(0) 
* 
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I n  t h i s  work w e  w i l l  
estimates f o r  mesosphe r i c  
o b t a i n  some a d d i t i o n a l  i o n o s p h e r i c  
n i t r i c  o x i d e .  We f i n d  t h a t  t h e s e  
new v a l u e s  are g e n e r a l l y  c o n s i s t e n t  w i t h  o u r  p r e v i o u s  e m p i r i c a l  
model ,  e s c e p t  i n  t h e  r e g i o n  of minimum around80-100 k m ,  where 
t h e  new v a l u e s  are  larger .  We t h e n  examine t h e  changes  t h a t  
are  l i k e l y  t o  o c c u r  i n  t h i s  d i s t r i b u t i o n  i n  w i n t e r  from known 
changes  i n  t h e  d i s t r i b u t i o n  of a t m o s p h e r i c  t e m p e r a t u r e  and i n  
t h e  c o n c e n t r a t i o n s  of atomic oxygen and ozone .  The r e s u l t i n g  
c o n c e n t r a t i o n s  i n  w i n t e r  are found t o  be  c o n s i d e r a b l y  larger 
t h a n  i n  summer, a t  h e i g h t s  between 70-90 k m ,  t h e  e x a c t  d e g r e e  
of  enhancement b e i n g  dependent  on l a t i t u d e .  The consequences  
of such changes  i n  t h e  i o n i z a t i o n  of t h e  w i n t e r  mesosphere are 
found t o  be q u i t e  s e v e r e .  
2. AN AVERAGE DISTRIBUTION FOR NITRIC OXIDE I N  THE MESOSPHERE 
AND THE LOWER RMO SPHl3RB 
C u r r e n t l y  a v a i l a b l e  estimates of  t h e  n i t r i c  o x i d e  con- 
c e n t r a t i o n  i n  t h e  mesosphere and t h e  lower  the rmosphere ,  and 
t h e  s o u r c e s  f rom which  these a r e  d e r i v e d ,  are  g i v e n  i n  Appendix 
1. 
The u n u s u a l l y  l a r g e  va lue  o b t a i n e d  i n  B a r t h ' s  measurement 
has  been  f r e q u e n t l y  d i s c u s s e d .  I n  c o n t r a s t ,  t h e  d i f f e r e n t  
i o n o s p h e r i c  estimates l i s t e d  i n  Appendix 1 are found t o  be  
g e n e r a l l y  c o n s i s t e n t  and i n  agreement w i t h  photochemica l ly  
deduced  v a l u e s .  
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The i o n o s p h e r i c  estimates a re ,  however,  s t i l l  f a r  from 
d e f i n i t i v e ,  a l though these are probably reliable as  o rde r -o f -  
magni tude  v a l u e s .  I f  t h e  major s o u r c e  i n  a non-polar  l a t i t u d e  
changes  from cosmic r a y s  t o  La t o  X r a y s  as one  moves from t h e  
lower t o  h i g h e r  mesosphere,  t h e n  t h e  problem of o b t a i n i n g  a 
r e l i ab le  v a l u e  f o r  NO r e d u c e s  t o  one of i d e n t i f y i n g  t h e  h e i g h t  
a t  which i o n i z a t i o n  by La predomina te s .  T h i s ,  it a p p e a r s ,  can  
a t  p r e s e n t  be b e s t  done from an  examina t ion  of t h e  d i u r n a l  
v a r i a t i o n  of electron d e n s i t y  p r o f i l e s .  I n  o u r  p r e v i o u s  s t u d y  
w e  used  t h e  d i u r n a l  p r o f i l e s  o b t a i n e d  by B a r r i n g t o n  e t  a1  (1963) 
f o r  t h e  h i g h  l a t i t u d e  s t a t i o n  Kjeller f o r  t h e  p e r i o d  March 17  
t o  A p r i l  7 ,  1960. T h i s  i d e n t i f i e d  t h e  La-dominated l e v e l s  t o  
be around 72 km. A more r e c e n t  series of r e s u l t s ,  wh ich  w e  examine 
here i n  d e t a i l ,  comes f r o m  Thrane  e t  a1 (1968) who o b t a i n e d  de- 
t a i l e d  p r o f i l e s  of mesospher ic  i o n i z a t i o n  f o r  a l a r g e  r ange  of 
x v a l u e s ,  f o r  both a f t e r n o o n  and morning c o n d i t i o n s ,  from 
pa r t i a l  reflection and c ross -modu la t ion  e x p e r i m e n t s  conduc ted  
i n  t h e  m i d d l e  l a t i t u d e s  d u r i n g  t h e  I Q S Y .  The a f t e r n o o n  v a l u e s  
were n e a r l y  t h e  same as  t h e  morning v a l u e s  (for t h e  same v a l u e  
of x)  , t h u s  making i t  p o s s i b l e  t o  u s e  N2 d i r e c t l y  as a meamre 
of q, t h e  e l e c t r o n  p r o d u c t i o n  ra te .  P l o t s  of N a g a i n s t  8ec X 
for  t h e  h e i g h t s  6 5 ,  70 and 75 km are shown i n  Fig. 1, a l o n g  
w i t h  t h e  t h e o r e t i c a l  v a r i a t i o n  e x p e c t e d  from i o n i z a t i o n  c o n t r o l l @ d  
on ly  by  La r a d i a t i o n  (aesuming no d i u r n a l  v a r i a t i o n  f o r  n i t r i c  
2 
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o x i d e ) .  We a g a i n  obse rve  a v a r i a t i o n  e s s e n t i a l l y  i d e n t i c a l  w i t h  
t h a t  of La a t  70 k m ,  a s lower  v a r i a t i o n  a t  65 km (as would be 
expec ted  i f  cosmic r a y  c o n t r i b u t i o n  is  a l so  impor t an t )  and a 
faster v a r i a t i o n  a t  75 km, i d e n t i c a l  w i t h  t h a t  expec ted  from 
i o n i z a t i o n  by X rays a t  4A0. 
From t h e  r e s u l t s  of F i g .  1, w e  o b t a i n :  
8 -3 n(N0) = 4x10 c m  a t  65 k m  (p robab le  v a l u e  
-not  re l iab le)  
I n  a l l  these estimates, a s  w e l l  as i n  o u r  p rev ious  ones  
(Mitra, 1966; Mitra, 1968) ,  t h e  p r i n c i p a l  concern  was t o  avoid  
any assumpt ion  of t h e  loss  rate Y ,  g i v e n  by Y = (l+X)(aD+Xai) 
where A is  t h e  r a t i o  of n e g a t i v e  i o n s  t o  e lec t rons ,  ai is t h e  
ion- ion  r ecombina t ion  c o e f f i c i e n t  and aD is t h e  c o e f f i c i e n t  f o r  
d i s soc ia t ive  r ecombina t ion .  T h i s  w a s  done because  of t h e  c u r r e n t  
u n c e r t a i n t y  i n  o u r  knowledge of Y .  Never the less ,  a lower l i m i t  
f o r  t h e  e l e c t r o n  p r o d u c t i o n  r a t e  can  be o b t a i n e d  
x=O i n  t h e  e q u a t i o n :  
2 
qc + qL + qx = ( 1 + h )  ( u D + X U ~ ) N  
by w r i t i n g  
(4) 
If w e  now l i m i t  o u r s e l v e s  t o  70 km, f o r  which qx is 
n e g l i g i b l e ,  t h e n  t h e  minimum v a l u e  f o r  n i t r i c  o x i d e  is set  
by t h e  e q u a t i o n :  
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where Y ( x )  = A ( N 0 )  Q,(La)e-T(02'X) d e f i n e s  t h e  i o n i z a t i o n  
y i e l d  due t o  La f o r  one NO molecu le .  
2 E s t i m a t e s  of t h e  q u a n t i t y  N / Y ( x )  f rom obse rved  e l e c t r o n  
d e n s i t i e s  a t  70 km, o v e r  a wide r a n g e  of so la r  z e n i t h  a n g l e s ,  
g i v e  v a l u e s  i n  t h e  r a n g e  (1-3)xlO c m  sec,  a l t h o u g h  a b n o r m a l l y  
l a r g e  v a l u e s  a round 50x10 c m  sec are a l s o  o c c a s i o n a l l y  
12 -6 
12  -6 -1 
2 e n c o u n t e r e d .  If qc<aD(NO+)N , and one takes  
-1.2 3 aD(NO+) = 5 ~ 1 0 - ~  (T/300) c m  /s ( s e e  a l s o  sec. 3 ) ,  t h e n  
aD(NO+) a t  70 km i s  around 7 ~ 1 0 - ~ c m ~ / s ,  and  
6 -3 n(N0) 2 (0.7-2)xlO c m  
With Mitra's v a l u e s  (1968) of Y(= 2 ~ 1 0 - ~ c m ~ / s )  a t  70 km, 
6 -3 n(N0) M (1 .4-4)xlO c m  
A method of c o n s i d e r a b l e  v a l u e  is t h e  u s e  of o b s e r v a t i o n s  
of NO+ c o n c e n t r a t i o n s ,  which are  now b e i n g  a v a i l a b l e  w i t h  i n -  
c r e a s i n g  r e l i a b i l i t y ,  a l o n g  w i t h  t h e  l a b o r a t o r y  measurements  
of r a t e  c o e f f i c i e n t s  r e l e v a n t  i n  NO+ c h e m i s t r y  ( M i t r a ,  1968;  
see a l so  Appendix 1). The r e a c t i o n s  r e l e v a n t  i n  t h e  mesosphere 
are  g i v e n  i n  T a b l e  1, a l o n g  w i t h  t h e  l a b o r a t o r y  v a l u e s  of t h e  
r a t e  c o e f f i c i e n t s ,  where a v a i l a b l e .  I t  c a n  be shown t h a t  NO 
c o n c e n t r a t i o n  i s  r e l a t e d  t o  t h e  NO' c o n c e n t r a t i o n  i n  t h e  
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TABLE 1 
PRINCIPAL REACTIONS FOR NO+ CHEMISTRY I N  THE MESOSPHERE AND 
THE LOWER THERMOSPHERE 
-17+2 3 O2 + + N2.-1 y7 NO + + NO <10-15(-10 - )cm /s 
(8+2) x 10'10cm3/s y 5  0; + NO.-) NO+ + O2 - 
N& + 0 --} y 1 1  NO+ + N (2.5+0 - .8)x1~-10cm3/s 
N i  + 02----) Y 9  0; + N2 
O+ + N2--) Y 1  NO+ + N 1x10- 12+0. - 5cm3,s 
mesosphere through t h e  r e l a t i o n :  
= a,, (NO') n (NO+)N, 
where t h e  q u a n t i t y  on t h e  r i g h t  hand s i d e  is d i r e c t l y  ob- 
t a i n e d  from obse rva t ions .  
With t h e  rate c o e f f i c i e n t s  given i n  Table  3, Eq. (6) t a k e s  
t h e  form: 
w i t h  
A (x , 0;) = Y (x)  + 8 ? ~ 1 0 - ~ ~ n  (OB) 
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S i n c e  0; is no t  obse rved  below 80 km, and o n l y  e x i s t s  i n  n e g l i g i b l e  
q u a n t i t y  i n  t h e  uppe r  mesosphere ,  t h e  second term on t h e  r i g h t  
hae no c o n t r o l l i n g  e f f ec t  i n  t h e  e x p r e s s i o n  and t h e  u n c e r t a i n t y  
i n  t h e  v a l u e  of y7 h a s  l i t t l e  e f f e c t  on t h e  d e t e r m i n a t i o n  NO 
c o n c e n t r a t i o n .  Direct  p h o t o i o n i z a t i o n  of NO ceases t o  be i m -  
p o r t a n t  i n  NO+ c h e m i s t r y  above 80 km, b u t  t h e  n e u t r a l  n i t r i c  
o x i d e  c a n  still  c o n t r o l  NO+ t h rough  p r o c e s s  (O;+NO). 
f o r  c o n d i t i o n s  of enhanced n i t r i c  o x i d e ,  t h e  l e f t  hand s ide  is 
n e g l i g i b l e  above a b o u t  100-120 km, and c o n s e q u e n t l y  t h e  method 
ceases t o  be v a l i d  above t h i s  h e i g h t .  
E x c e p t i n g  
Nitr ic  oxide  d i s t r i b u t i o n  h a s  been  computed on t h e  basis 
of E q .  ( 6 ) ,  u s i n g  NO' d i s t r i b u t i o n  o b t a i n e d  by Narcisi and  
B a i l e y  (1965) and w i t h  t w o  sets of  v a l u e s  f o r  n D ( N O + ) :  
(a) a , ( N O + ) = 5 ~ l O - ~ ( T / 3 0 0 ) - ~  * 2 c m 3 / s  and (b)  a c o n s t a n t  v a l u e  
of 2x10 c m  / s .  The d i s t r i b u t i o n s  so  d e r i v e d  a re  shown i n  -7 3 
F i g .  2 a l o n g  w i t h  o ther  estimates made i n  t h i s  and  i n  p r e v i o u s  
works.  For 1, a v a l u e  of 6 ( f o l l o w i n g  Hale, 1968) is  used  
f o r  70 km and 1 f o r  75  km. The d i s t r i b u t i o n s  a re  n e a r l y  c o n s t a n t  
w i t h  c o n c e n t r a t i o n s  a round  6x10 c m  f o r  (a) and  1 . 5 ~ 1 0  c m  f o r  
(b) between 70-80 km; t h e  c o n c e n t r a t i o n s  i n c r e a s e  t o  a b o u t  
3x10 c m  a t  90 km f o r  (a) and t o  7x10 c m  f o r  ( b ) .  
6 -3 6 -3 
7 -3 6 -3 
There  i s  c o n s i d e r a b l e  agreement  be tween these v a l u e s  and 
t h e  s i m p l e s t  photochemica l  c a l c u l a t i o n s .  The major r e a c t i o n s  
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TABLE 2 
PRINCIPAL REACTIONS FOR NITRIC OXIDE I N  THE MESOSPHERE AND LOWER 
THERMOSPHERE 
I 3 60 022 0 0 
T 
- MAJOR REACTIONS 
3 -11 b = ( 1 . 4 + 0 . 2 ) ~ 1 0  - e c m  / s  7 
bla  = 1 . 1 x 1 . 0 - ~ ~ ( & )  c m  6 /s 
b la  
1. N+02-> b7 NO+O 
2. N+O+M -) NO+M 
= 2 .  10-17cm3/s l b  3. N+O -> NO+hv 
-11 3 b =2.2x10 c m  / s  b6 6 4 .  N+NO ,-) N2+0 
5 .  N+O.&A) _j k NO+O k unknown (10 -13 -10-15cm3/s used  h e r e )  
ADDITIONAL PROCESSES LIKELY TO BE IMPORTANT 
6 .  O i + N 2  _j '7 NO++NO 
7 .  N0+03 -) b4 N02+02 
8 .  O;+NO .-) y5 N0++02 
NO - DISTRIBUTIONS 
I - 1300+100 
3 c m  / s  -13 b4=9,5x10 e 
-10 3 y5=(8+2)x10 - c m  / s  
1. Mitra's Empi r i ca l  D i s t r i b u t i o n :  
n (NO) -4x 10- lexp  (- - 3700) n (02) + 5 x 1 0 - ~ n  (0) T 
2. Photochemica l  E q u i l i b r i u m  w i t h  1-4: 
T 
3600?200 ) ( o2 n* (NQ)= (0 .6+2)xlO- lexp(-  - 
+[ ( 1 + 0 . 5 ) ~ 1 0 - ~ + 5 ~ 1 0  -21 n ( M ) m ] n ( O )  T - 
3. Photochemical E q u i l i b r i u m  - a l l  processes 1-8: 
10 
i n v o l v e d  i n  NO pho tochemis t ry  a r e  g i v e n  i n  T a b l e  2 a l o n g  wi th  
d i s t r i b u t i o n s  expec ted  unde r  photochemical  e q u i l i b r i u m  when t h e  
major p r o c e s s e s  are l i m i t e d  to 1-4 and i n  t h e  more complex case 
i n c l u d i n g  t h e  e f f e c t  of i o n i c  r e a c t i o n s ,  p o s s i b l e  p r o d u c t i o n  
of  NO from t h e  metastable 02( A )  (Hunten and McElroy, 1 9 6 8 j ,  and 
t h e  v e r y  r a p i d  loss of NO th rough  ozone i n  t h e  lower mesosphere.  
1 
~ 
I 
I n  F i g s .  3 and 4 t h e  ra tes  of p r o d u c t i o n  of NO ( p e r  
n i t r o g e n  atom) and of l o s s  ( p e r  NO molecu le )  are p l o t t e d  as  
1 a f u n c t i o n  of h e i g h t  for h e i g h t s  between 50-120 km. For 
p r o c e s s  (OB+N2) t h e  r a t e  h a s  been no rma l i zed  by d i v i d i n g  t h e  
t o t a l  r a t e  by n (N) ,  For 02' N2 and 0 t h e  d i s t r i b u t i o n s  used  
are t h o s e  g iven  b y  C I R A  1965; f o r  03' t h a t  g i v e n  by  Maeda. and 
A i k i n  (1967) and for 02('A) 
measurements of Evans e t  a1 (1968) .  For atomic n i t r o g e n ,  t h r e e  
d i s t r i b u t i o n s  a r e  u s e d :  N(2) g i v e n  by B a r t h  (1961) r e p r e s e n t s  
t h e  lower l i m i t ;  N(1) o b t a i n e d  by e x t r a p o l a t i n g  downwards t h e  
photochemica l  d i s t r i b u t i o n  r e c e n t l y  d e r i v e d  by Ghosh (1968) 
for h e i g h t s  above 100 k m ;  N ( 3 )  r e p r e s e n t i n g  t h e  u p p e r  l i m i t  and 
g i v e n  by Khovistok (1962) ( F i g ,  5) e The tempera ture-dependent  
NO p r o d u c t i o n  process (N+02) and p r o d u c t i o n  t h r o u g h  O2 ( ' A )  
compete i n  impor tance  a t  h e i g h t s  below 80 k m ?  f o r  k v a l u e s  
between 10'13-10-15~m /s;  t h e  u n c e r t a i n t y  i n  t h e  va.lue sf k 
makes i t  d i f f i c u l t  t o  j u d g e  which is more i m p o r t a n t  The 
t h a t  o b t a i n e d  from t h e  dayglow 
3 
. 
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former may exceed la t ter  a t  times of great ly  i n c r e a s e d  t e m p e r a t u r e  
and f o r  l o w  k-values .  Above 80 km, p r o d u c t i o n  th rough  p r o c e s s  
(N+O) b e g i n s  t o  c o n t r i b u t e ,  w i th  a s e a s o n a l  v a r i a t i o n  f o l l o w i n g  
t h a t  of n ( 0 ) .  
impor t an t  a t  any h e i g h t  e x c e p t i n g  f o r  v e r y  l o w  c o n c e n t r a t i o n s  
of atomic n i t r o g e n .  If n(N) is 10  c m  o r  l a r g e r  a t  these 
h e i g h t s ,  as seems more l i k e l y ,  t h i s  p r o c e s s  is n e v e r  i m p o r t a n t .  
Amongst t h e  loss p r o c e s s e s  (F ig .  4 ) ,  t h e  most impor t an t  is 
(??+NO) for  a l l  he igh t s  above 70 km ( u n l e s s  atomic n i t r o g e n  
The i o n i c  p rocess  (02++N2) is u n l i k e l y  t o  be 
8 -3 
c o n c e n t r a t i o n  is as l o w  a s  i n  B a r t h ' s  model), b u t  below 70 km 
t h e  p r o c e s s  (NO+03) becomes very e f f e c t i v e .  
T h e r e  is t h e n  a sharp c u t o f f  i n  NO c o n c e n t r a t i o n ,  t h e  c u t -  
off l e v e l ,  which depends upon t h e  r a t i o  n ( N ) / n ( 0 3 ) ,  is around 
60 km f o r  high atomic n i t r o g e n  c o n c e n t r a t i o n  (model 3) b u t  
would be as  high as 70 k m  for  models 1 and 3. 
7 -3 S i n c e  i o n o s p h e r i c  estimates y i e l d  v a l u e s  around lo6-10 c m  
8 a t  7 0  km and (less r e l i a b l y )  5x10 cm'3 a t  65 k m ,  t h e  lower c u t -  
off is n o t  a c c e p t a b l e ,  and t h e  t r u e  d i s t r i b u t i o n  must  a t  least 
be equal t o ,  and p o s s i b l y  larger t h a n ,  t h a t  of model 1. The 
d i s t r i b u t i o n  d e r i v e d  from t h e  complete photochemical e q u a t i o n  
( w i t h  t h e  atomic n i t r o g e n  d i s t r i b u t i o n  of Khovistok and w i t h  
k=10-14cm3/s) is shown i n  F i g .  2 a l o n g  w i t h  t h e  i o n o s p h e r i c  
estimates made i n  t h i s  and t h e  p r e v i o u s  works. The agreement  
12 
l one c o n s i d e r s  t h e  e f f e c t  of eddy d i f f u s i o n  there is a tendency  
i b  g e n e r a l l y  remarkably good e x c e p t  i n  t h e  r e g i o n  of t h e  minimum 
where t h e  i o n o s p h e r i c  estimates are i n  agreement  w i t h  t h e  
f o r  t h e  minimum t o  be f i l l e d  up .  Our new estimates c o n f i r m  t h i s .  
The n e t  r e s u l t  is a n e a r l y  c o n s t a n t  NO c o n c e n t r a t i o n  ( i n  t h e  
neighborhood of 10  cmo3) a l l  t h e  way from 7 0  t o  100 km. 6 
~ 
photochemical  v a l u e s  o n l y  when p r o c e s s  5 is i n c l u d e d .  I t  has  
also r e c e n t l y  been p o i n t e d  o u t  by H e s s t v e d t  (1968) t h a t  when 
3. SEASONAL VARIATION I N  NITRIC OXIDE 
The very h i g h  tempera ture-dependence  of NO p r o d u c t i o n  
th rough  (N+OZ) means t h a t  any v a r i a t i o n s  i n  t e m p e r a t u r e  must 
profoundly  a f f e c t  t h e  n i t r i c  o x i d e  c o n c e n t r a t i o n  a t  l e v e l s  where  
t h i s  p r o c e s s  is  predominant  or c o m p e t i t i v e ,  and p o s s i b l y  a l so  
a t  o ther  levels t h r o u g h  dynamica l  f o r c e s .  I t  is known t h a t  
there  is a reversal i n  t h e  s e a s o n a l  t e m p e r a t u r e  v a r i a t i o n  ( i . e .  
h i g h e r  t e m p e r a t u r e  i n  w i n t e r  t h a n  i n  summer) f rom 70 t o  90 k m ,  
a t  p r e c i s e l y  those  h e i g h t s  a t  which t h i s  p r o c e s s  can  become dominant 
w i t h  i n c r e a s e d  t e m p e r a t u r e .  CIRA (1965) g i v e s  d e t a i l e d  t ab les  
of t h e  s e a s o n a l  v a r i a t i o n s  i n  t e m p e r a t u r e  a t  i n t e r v a l s  of 10 
i n  l a t i t u d e ,  The re  w i l l  t h u s  be  large i n c r e a s e s  i n  w i n t e r  
t i m e  n i t r i c  o x i d e  c o n c e n t r a t i o n  a t  medium a n d  h i g h  l a t i t u d e s .  
I n  a s t a t i c  a tmosphe re ,  t h i s ,  i n  t u r n ,  would p roduce  l a r g e  
l o c a l i z e d  r e g i o n s  of enhanced e l e c t r o n  d e n s i t y  a t  l eve ls  where  
t h e  (N+OZ) process c o n t r i b u t e s .  
0 
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The summer-to-winter changes i n  n i t r i c  oxide as  a r e s u l t  
of t h e  i n c r e a s e  i n  mesospher ic  t e m p e r a t u r e  are  g i v e n  i n  F i g .  6 
f o r  t w o  r e p r e s e n t a t i v e  l a t i t u d e s  50°N and 60°N, and r e p r e s e n t  
c o n d i t i o n s  on Janua ry  1 and J u l y  1. NO p r o d u c t i o n  th rough  metastable 
0 ( A )  is i n c l u d e d  and  its c o e f f i c i e n t  is assumed t o  have  a v a l u e  
of 10'14cm3/s, independent  of t e m p e r a t u r e .  
p r o c e s s  (NO+03) is i g n o r e d ,  one  f i n d s  a d e c r e a s e  i n  n i t r i c  
o x i d e  c o n c e n t r a t i o n  from summer t o  w i n t e r  f rom 6x10 c m  t o  
5x10 c m  t o  
5 . 5 ~ 1 0  c m  a t  50 N ,  t h e  d e c r e a s e  b e i n g  roughly  a f a c t o r  of 
10 a t  a l l  h e i g h t s  below 60 k m .  Above a b o u t  67 km,  however,  
1 
2 
If t h e  l o s s  of NO t h r o u g h  
8 -3 
7 -3 8 -3 a t  60 km a t  60°N l a t i t u d e  and from 3 . 5 ~ 1 0  c m  
7 -3 0 
t h e  s i t u a t i o n  is d r a s t i c a l l y  d i f f e r e n t .  A t  t h e s e  h e i g h t s  t h e r e  
is a r a p i d  i n c r e a s e  i n  NO c o n c e n t r a t i o n ;  t h e  increase is a lmos t  
1 order  of magnitude a t  75 km, and s i m i l a r  a t  80 km. T h i s  large 
i n c r e a s e  i n  NO c o n c e n t r a t i o n  a t  a l t i t u d e s  above 67 km c o n t i n u e s  
u p  t o  a b o u t  90 km. The e n t i r e  s e a s o n a l  v a r i a t i o n  i n  NO con- 
c e n t r a t i o n  f o r  5 0 ° N  is shown i n  F i g .  7 .  The la rge  enhancement 
i n  NO c o n c e n t r a t i o n  from October  t o  March h a s  a s t r i k i n g  resemblance  
t o  HF a b s o r p t i o n  f o r  s i m i l a r  l a t i t u d e  areas. 
4 .  IONOSPHERIC IMPLICATIONS OF WINTER ENHANCEMENT I N  NITRIC 
OXIDE -
T h e s e  large enhancements i n  NO c o n c e n t r a t i o n  a t  medium and 
h i g h  l a t i t u d e s  h a s  s e r i o u s  i m p l i c a t i o n s  i n  D r e g i o n  i o n i z a t i o n  
and  e s p e c i a l l y  i n  its s e a s o n a l  v a r i a t i o n .  A t  75 km and a t  
50 N ,  q(N0) jumps f r o m  a v a l u e  O f  4x10 c m  sec i n  Ju ly  t o  0 -2 -3 -1 
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-2 -3  -1 1 a b o u t  30x10 cm sec i n  January i f  p r s d u c t i o n  th rough  02( A )  
-2 -3 -1 is i g n o r e d ,  and from 30x10 c m  sec i n  J u l y  t o  about  
-2 -3 -1 1 38x10 c m  s e c  i n  January i f  0 ( A )  p r o c e s s  ( w i t h  a. r a t e  2 
c o e f f i c i e n t  of 10-14cm3sec-4 is  i n c l u d e d .  
i n  F ig .  7 ,  q(N0) is l a r g e  over t h e  e n t i r e  p e r i o d  October t o  
March. 
v a l u e  of 20x10 c m  sec from February  t o  November, w i t h  some 
A s  w i l l  be s e e n  
1 A t  60°N, w i t h  02( A )  p r o c e s s ,  q(N0) h a s  a n e a r l y  c o n s t a n t  
-2 -3 -1 
i n c r e a s e  a t  t h e  equinoxes  a n d  somewhat lower va. lues  i n  January  
and December. 
I n  t h e  s u m m e r  mesosphere and when NO p r o d u c t i o n  th rough  
1 0 2 (  A) is n e g l i g i b l e ,  t h e  X r a y  c o n t r i b u t i o n  exceeds t h e  
c o n t r i b u t i o n  due t o  Ln a t  80 k m ,  d u r i n g  a l l  phases  of s o l a r  
a c t i v i t y ,  if NO c o n c e n t r a t i o n  is n o t  much i n  e x c e s s  of t h a t  
g i v e n  by c u r v e  1 i n  F ig .  2 .  With a predomina t ing  X-ray s o u r c e ,  
t h e  w i n t e r  p r o d u c t i o n  ra te  would t h e n  be r educed  by a f a c t o r  of 
abou t  5 ~ 1 0 - ~  a t  50°N. However t h e  l a r g e  enhancement i n  n i t r i c  
o x i d e  c o n c e n t r a t i o n  i n  w i n t e r ,  y i e l d i n g  a. p r o d u c t i o n  ra te  of 
8x10 c m  sec i n  January e n t i r e l y  r e v e r s e s  t h e  s i t u a t i o n .  The -1 -3  -1 
t o t a l  r a t e  of  e l e c t r o n  p r o d u c t i o n  a t  80 km, as a r e s u l t  af t h i s ,  
becomes 8 ~ 1 0 - ~ c r n - ~ s e c - ' ~  i n  w i n t e r  a.ga.inst  6x10 c m  sec i n  
summer. One would t h u s  expecx a. f o u r  f o l d  i n c r e a s e  i n  e l e c t r o n  
-2 -3  -1 
d e n s i t y  i n  w i n t e r  f rom t h e  enhancement of n i t r i c  o x i d e  a l o n e .  
When 0 ( A )  process  i s  i n c l u d e d  ( w i t h  k=10 c m  1's and assumed 
independent  of tempera ture) ,  L a  is found t o  domina te  b o t h  summer 
and w i n t e r  i o n i z a t i o n  a t  $0 km, but  w i n t e r  p r o d u c t i o n  r a t e  
c o n t i n u e s  t o  be h i g h ,  a l t h o u g h  now on ly  t w i c e  as  high a s  i n  summer. 
A t  lower a l t i t u d e s ,  t h e  w i n t e r t i m e  enhancement  i n  n i t r i c :  oxide 
1 -14 3 
2 
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becomes p r o g r e s s i v e l y  smaller and consequen t ly  t h e  w i n t e r  
e l e c t r o n  d e n s i t y  w i l l  approach  t h e  summer v a l u e  and w i l l  
u l t i m a t e l y  f a l l  below i t .  
TABLE 3 
WINTER ANOMALY AT 50°N DUE TO NITRIC OXIDE ENHANCEMENT I 
~ 
SUMMER (27O) WINTER (73O) 
-1 -3 -1 
-4 -3 -1 
8 ~ 1 0 - ~ ( 4 . 6 ~ 1 0 - ~ * * )  8x10 c m  sec (u)xm-L*) 
5 ~ 1 0 - ~  2x10 c m  sec 
6 ~ 1 0 - ~ ( 5 ~ 1 0 - ~ * * )  8x10 -1 c m  -3 sec -1 (l0xm-l~) 
3x10 3 ~ m - ~ ( l . 4 x l O  3 **) 
* Y % X l o  -7 Cm 3 /S **Inc lud ing  0 ( 1 A )  p r o c e s s  
3 . 5 X i o  2 (lX1o3**) 
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Two r e c e n t  e x p e r i m e n t a l  o b s e r v a t i o n s ,  r e l e v a n t  t o  t h e  
above d i s c u s s i o n ,  a r e  ( i )  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  of  
G r e g o r y  (1968) o b t a i n e d  w i t h  p a r t i a l  r e f l e c t i o n  a t  44OS l o c a t i o n  
and  ( i i j  t h e  o b s e r v a t i o n s  made b y  F e r r a r o  and L e e  (1967) a t  t h e  
P e n n s y l v a n i a  S t a t e  U n i v e r s i t y  (40°N) d u r i n g  t h e  IQSY w i t h  t h e  
cross modu la t ion  expe r imen t .  The Penn S t a t e  r e s u l t s ,  a l t h o u g h  
showing c o n s i d e r a b l e  sca t te r ,  show no e v i d e n c e  of  w i n t e r  anomaly,  
and  is c o n s i s t e n t  w i t h  t h e  v a r i a t i o n  e x p e c t e d  from i o n i z a t i o n  
h. uy a v - - n . . m  I ay r3 a l o n e .  Gregory ' s observations showing w i n t e r  e l e c t r o n  
d e n s i t i e s  as l a r g e  as i n  summer would be c o n s i s t e n t  w i t h  a 
w i n t e r t i m e  enhancement of t h e  t y p e  mentioned above ,  b u t  by 
a smaller magni tude .  
16 
I t  i s  a l so  i m p o r t a n t  t o  n o t e  t h a t  t h e  w i n t e r  enhancement 
i n  n i t r i c  o x i d e  is l i m i t e d  t o  h e i g h t s  above  70 km, below which 
t h e  w i n t e r  mesosphere is  c o o l e r  t h a n  t h e  summer mesosphere.  
The s h a r p  decrease i n  NO c o n c e n t r a t i o n  due t o  t h e  r a p i d  l o s s  of 
NO t h rough  O3 c a n  ra i se  t h i s  l e v e l  t o  a b o u t  75 km i n  case of 
l o w  atomic n i t r o g e n  c o n c e n t r a t i o n .  P r e s e n t  e v i d e n c e  i n d i c a t i n g  
t h a t  t h e  w i n t e r  anomaly is e s s e n t i a l l y  c o n f i n e d  t o  h e i g h t  between 
80-90 km (Gregory,  1968; Sechr i s t  e t  a l ,  1968) is i n  agreement  
w i t h  t h i s .  
17 
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LEGEND OF FIGURES 
F i g .  1 - P l o t s  of N2 ( p r o p o r t i o n a l  t o  t h e  e l e c t r o n  p r o d u c t i o n  
r a t e )  a g a i n s t  l o g  sec X a t  s e l e c t e d  h e i g h t s  of 6 5 ,  
70 and 75 k m .  E l e c t r o n  d e n s i t y  o b s e r v a t i o n s  are  
t h o s e  by Thrane  e t  a1  (1968) .  S o l i d  l i n e s  and t h e o r e t i c a l  
v a r i a t i o n s  of q(Lct) w i t h  sec X ,  and t h e  d o t t e d  l i n e  
f o r  75 km is  t h e  v a r i a t i o n  of t h e  electron p r o d u c t i o n  
r a t e  due t o  4A a l o n e .  
F i g .  2 - D i f f e r e n t  i o n o s p h e r i c  estimates of mesosphe r i c  n i t r i c  
o x i d e ,  a l o n g  w i t h  t w o  photochemica l  d i s t r i b u t i o n s  
o n e  w i t h  and t h e  o the r  w i t h o u t  t h e  02( A )  p r o c e s s .  
The d o t t e d  p o r t i o n  of t h e  theore t ica l  c u r v e s  shows 
t h e  e f f e c t  of r a p i d  l o s s  of NO t h r o u g h  O 3  f o r  t h e  
a tomic  n i t r o g e n  d i s t r i b u t i o n  of Khos t ikov .  
1 
F i g .  3 - R e l a t i v e  magni tudes  of t h e  s p e c i f i c  r a t e  of p r o d u c t i o n  
of NO t h rough  d i f f e r e n t  p r o c e s s e s  ( e x p r e s s e d  p e r  
n i t r o g e n  atom). For  t h e  i o n i c  r e a c t i o n  O i + N 2  .-) NO++NO, 
a n  upper  l i m i t  of 10-15cm3/s has  been used  f o r  t h e  ra te  
c o e f f i c i e n t .  The t w o  c u r v e s  refer  t o  t h e  atomic n i t r o g e n  
models N ( l )  and  N ( 2 )  i n  F i g .  4 .  The c o r r e s p o n d i n g  
c u r v e  f o r  N ( 3 ) ,  w i l l  b e  smaller t h a n  t h a t  f o r  N ( 1 ) .  
F i g -  4 - Assumed d i s t r i b u t i o n s  of atomic n i t r o g e n  and ozone i n  t h e  
1 9  
F i g .  5 - R e l a t i v e  magni tudes  of t h e  NO loss  r a t e s  f o r  d i f f e r e n t  
r e a c t i o n ,  ( e x p r e s s e d p e r  NO m o l e c u l e ) .  The two c u r v e s  
f o r  (N+NO) r e f e r  t o  t h e  a tomic  n i t r o g e n  d i s t r i b u t i o n s  
N ( 1 )  and N(2) i n  F i g .  4.  
F i g .  6 - C a l c u l a t e d  NO d i s t r i b u t i o n s  f o r  January  and Ju ly  i n  
t h e  mesosphere c o r r e s p o n d i n g  t o  C I R A  t e m p e r a t u r e s .  
The s h a r p  c u t - o f f s  a t  t h e  lower l e v e l s ,  d i f f e r e n t  
f o r  d i f f e r e n t  a tomic  n i t r o g e n  d i s t r i b u t i o n s ,  s h o u l d  
b e  n o t e d .  
i n c l u d e d  w i t h  c o n s t a n t  ra te  c o e f f i c i e n t  of 10 e m  / s .  
Produc t ion  of NO th rough  [ N + O , ( l A ) ]  is 
-14 3 
F i g .  7 - Seasona l  v a r i a t i o n  of n i t r i c  o x i d e  and  t h e  r e s u l t i n g  
e l e c t r o n  p r o d u c t i o n  rates c a l c u l a t e d  f o r  5 0 ° N  and  f o r  
a l e v e l  of  75 km. C a l c u l a t i o n  are g i v e n  f o r :  (a) 
N+02( A )  p r o c e s s  n e g l i g i b l e  and (b)  a t e m p e r a t u r e -  
independent  ra te  of 10’14cm3/s f o r  t h e  p r o c e s s  
N+02( A) -, NO+O.  
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